I. INTRODUCTION
There are three very important open questions in neutrino physics that can best be addressed by next generation zero-neutrino double-beta (0νββ) decay experiments. Are neutrinos Majorana particles that differ from antineutrinos only by helicity? What is their mass-scale? Is lepton number conservation violated? While searches for double beta decay have been carried out steadily throughout many decades, it is a very interesting time to launch next generation experiments. Measurements of atmospheric, solar and reactor neutrino oscillation have revealed scenarios in which the effective Majorana mass of the electron neutrino could be larger than 0.05 eV. Recent developments in Ge-detector technology make the search for 0νββ decay of 76 Ge at this scale now feasible. For recent comprehensive experimental and theoretical reviews see [1] [2] [3] .
The most sensitive limits on 0νββ-decay half lives have come from Ge detectors enriched in 76 Ge, namely the Heidelberg-Moscow (T 0ν 1 /2 ( 76 Ge) ≥ 1.9 × 10 25 y) [4] and IGEX (T 0ν 1 /2 ( 76 Ge) ≥ 1.6 × 10 25 y) [5] , experiments. These bounds imply that the effective Majorana mass of the electron neutrino, m ββ , defined below, is less than about 0.6 eV using recently published nuclear matrix elements [6] . However, a subset of the HeidelbergMoscow Collaboration reanalyzed the data and claimed evidence of a peak at the total decay energy, 2039 keV, implying 0νββ decay [7] [8] [9] . While this has been neither confirmed nor widely accepted by the neutrino community [10] [11] [12] , there is no clear proof that the observed peak is not an indication of 0νββ decay. The GERDA experiment [13] is a 76 Ge experiment being constructed in the Laboratori Nazionali del Gran Sasso (LNGS), and will probably be first to test this claim. The Majorana Demonstrator, described below, will also directly test this claim. CUORE-0, the first tower of CUORE [14] , also under construction at LNGS, will search for the 0νββ decay of 130 Te, and will have the capability of confirming the claim; however, a null result would not be able to refute the claim because of the uncertainty in the theoretical nuclear matrix elements.
The GERDA and Majorana [15] collaborations intend to eventually come together to construct a tonnescale experiment. This proposed 76 Ge experiment, as well as the CUORE 130 Te experiment [14] , the EXO 136 Xe experiment [16] , the SNO+ 150 Nd experiment [17] , the KamLAND-Zen 136 Xe experiment [18] , and the SuperNEMO 82 Se/ 150 Nd experiment [19] are all eventually designed to reach a mass sensitivity of m ββ ≈ 0.05 eV to probe the inverted neutrino-mass hierarchy. Here we describe the Majorana Demonstrator Project, which is designed to determine the feasibility of reaching the background level of 1-count per tonne-year in the * Alternate address: Department of Nuclear Engineering, University of California, Berkeley, CA, USA 4-keV region of interest at 2039 keV in a tonne-scale 76 Ge experiment. There are other constraints on the neutrino-mass scale, irrespective of their Majorana or Dirac nature. The Troitsk [20] and Mainz [21] 3 H single β-decay experiments have placed upper limits of 2.2-eV on the mass of the electron neutrino. The KATRIN experiment, a greatly enlarged tritium β-decay experiment in preparation, is projected to have a sensitivity of 0.2 eV [22] .
Recent astrophysical data are also very relevant in a discussion of neutrino mass. For example Barger et al. [23] set a limit on the sum of neutrino mass eigenvalues, ≡ m 1 + m 2 + m 3 ≤ 0.75 eV (95% C.L.) from the Sloan Digital Sky Survey [24] , the two degree Field Galaxy Red Shift Survey (2dFGRS) [25] , and the Wilkinson Microwave Anisotropy Probe (WMAP) [26] , as well as other CMB experiments and data from the Hubble Space Telescope. Hannestad [27] used the WMAP and 2dFGRS data to derive the bound < 1.0 eV (95% C.L.) and concluded that these data alone could not rule out the evidence claimed in [7] [8] [9] . For recent papers on the subject see [28] and the references therein. The constraint ≤ 0.75 eV would imply that the lightest neutrino eigenstate mass is ≤0.24 eV. On the other hand, a positive value of , implying m 1 ≈ 0.17 eV, might also be interpreted to mean that next generation 0νββ-decay experiments could constitute a stringent test of lepton-number conservation, irrespective of the neutrino mass hierarchy or the level of CP-violation in the weak sector.
II. NEUTRINO PHYSICS AND NEUTRINOLESS DOUBLE-BETA DECAY
Neutrino oscillation data very strongly imply that there are three eigenstates that mix and have mass. The flavor eigenstates, |ν e,µ,τ , are connected to the mass eigenstates, |ν 1,2,3 , via a linear transformation parameterized by a mixing matrix u L lj :
In Eq. 1, l = e, µ, τ , and the factor e iδj is a CP phase, ±1 for CP conservation. The decay rate for the 0νββ-decay mode driven by the exchange of a massive Majorana neutrino is expressed in the following approximation:
where G 0ν is a phase space factor including the couplings, m ββ is the effective Majorana mass of the electron neutrino given below, M 0ν f and M 0ν GT are the Fermi and Gamow-Teller nuclear matrix elements respectively, and g A and g V are the relative axial vector and vector weak coupling constants, respectively. After multiplication by a diagonal matrix of Majorana phases, m ββ is expressed in terms of the first row of the 3×3 matrix of Eq. 1 as follows:
In Eq. 3, e iφ2,3 are the Majorana CP phases (±1 for CP conservation in the lepton sector). These phases do not appear in neutrino oscillation expressions and hence are unobservable in oscillation experiments. Only the phase angle δ affects neutrino oscillation. Oscillation experiments have, however, constrained the mixing angles and thereby the u L lj coefficients in Eq. 3. Expressing the coefficients in terms of the sins and cosines of the mixing angles and the mass-squared differences measured in solar (∆m 
where c
It is straightforward to arrive at an approximate expression for the target sensitivity of an experiment that should be able to discover 0νββ decay in the case of the inverted neutrino hierarchy. First we choose the maximum value i.e., the (+) sign, and we set the lowest mass eigenstate, m 3 = 0, and ∆m ∆m 2 A ≈ 0.050 eV. The design of an experiment that does not meet these goals will not probe the inverted hierarchy region. While the Majorana Demonstrator is not designed to meet these goals, the tonne-scale experiment for which it is the R&D is. In this analysis, for simplicity we have assumed that CP is conserved in the lepton sector.
Until the month of this meeting, it was commonly thought that θ 13 could be zero or extremely small. Recently, however, both T2K [29] and MINOS [30] reported data that strongly imply a non-zero θ 13 at a ∼90% confidence level. In the case of the inverted hierarchy, T2K reports 0.04 ≤ sin 2 (2θ 13 ) ≤ 0.34 when δ CP = 0, at 90% level of confidence. On the other hand, MINOS reports 2 sin 2 (θ 23 ) sin 2 (2θ 13 ) = 0.079
−0.053 . The MINOS data imply that the θ 13 = 0 hypothesis is disfavored at 89% C.L. A recent global fit to all oscillation data by Fogli et al. [31] incorporating further indications particularly from solar and reactor neutrino experiments yields >3σ evidence for non-zero θ 13 . Accordingly, in the case that m 3 = 0, the analysis above for the inverted hierarchy becomes somewhat more complicated. However, the qualitative results remain essentially the same.
III. THE MAJORANA DEMONSTRATOR
The Majorana Demonstrator Project is classified by the Department of Energy as a research and development project to establish the feasibility of building and operating an ultra-low background tonne-scale 76 Ge 0νββ-decay experiment with a background in the 4-keV region of interest of 1-count per tonne-year. The first phase of the project will involve building two to three cryostats containing about 40 kg of Ge detectors, and with up to 30 kg in detectors fabricated from Ge enriched to >86% in 76 Ge. The Majorana Collaboration uses two main techniques for reducing radioactive background. One is the careful selection, screening, and fabrication of the detector materials for radiopurity, including electroforming copper cryostat parts from CuSO 4 solution. The other technique is pulse-shape analysis (PSA), which is very effective with special-made point-contact (PC) germanium detectors. In this application, PSA takes advantage of the fact that ββ-decay events deposit their energy very locally in the detector (single-site events), while gamma rays that deposit enough energy to contribute to the background in the 2-MeV energy-region of interest typically scatter more than once and deposit their energy in several locations (multiple-site events). As the charges liberated in these energy depositions drift through the detector, the cluster multiplicity imprints itself in the detector pulses, which can then be analyzed to identify and remove those that deposited energy more than once at different locations in the detector. This technique was used in both the Heidelberg-Moscow and IGEX experiments; however, recently this technique has been greatly improved.
The point-contact (PC) germanium detector was originally developed at Lawrence Berkeley National Laboratory [32] and further developed for dark matter and ββ-decay searches at the University of Chicago [33] . They were later selected as the detector type for the Majorana Demonstrator. A photograph of a typical PC detector crystal is shown in Fig. 1 . The surface shown is the passivated ultra-high resistance surface with the point contact in the center. These detectors have a weighting potential that is strongly peaked, so that charges drifting in the detector give very little signal until they are in the immediate vicinity of the point contact. The contact geometry also results in very low fields throughout the bulk of the crystal, and hence very slow drift velocities and long drift times, as shown in the right hand side of Fig. 1 . As a result, charges generated in different regions of the detector will give sharp pulses well-differentiated in time, facilitating their identification and discrimination.
A comparison of charge and current pulses from multi-site events in standard coaxial and PC HPGe detectors is shown in Fig. 2 . The result of applying PSA techniques to an actual experimental background spectrum is shown in Fig. 3 . The black curve is the best fit to the gamma ray lines in the 232 Th decay chain from a calibration source. The lines at 1581, 1588, 1621, 1625, 1631, and 1638 keV are full-energy peaks corresponding to gamma rays of those energies, and therefore are expected to be dominated by multi-site events. The peak at 1592-keV is the double-escape peak from the pair production interaction of the 2615-keV gamma-ray in 208 Tl, the final daughter in the chain. The double-escape peak has a similar two-β event topology and serves as a proxy for the 0νββ-decay signal. The red curve is the best fit to the same spectrum after events with multi-site character have been removed. The full-energy gamma peak intensity is decreased by roughly an order-of-magnitude while the double-escape events remain with high efficiency. What is striking is the fact that even a majority of the events in the continuum from gamma-rays that partially deposited their energy, which are also dominantly multi-site in character, are recognized and removed. The conclusion from this experiment is that pulse shape analysis is a very effective background reduction technique with point-contact Ge detectors. Figure 4 shows a conceptual drawing of the Majorana Demonstrator apparatus. Each cryostat is mounted in a self-contained module (monolith) in which the cross-arm containing the thermosyphon passes through a lead and electroformed copper shielding door. This assembly remains together if the module is removed and the cryostat opened. The monolith transporter is under construction at Los Alamos National Laboratory. With all of these ultra-low background techniques, the background goal for the Demonstrator is 4-counts per tonne-year in the 4-keV region of interest. Monte-Carlo simulations were used to project that this would result in a background of ∼1-count per tonne-year in a one-ton close-packed array of detectors. Figure 5 shows the predicted sensitivity [34] versus exposure for of an array of germanium detectors enriched to 86% in 76 Ge using the nuclear matrix elements and phase space factors calculated in [6] and [35] . The upper shaded portion is the range of the claimed observation reported in [9] . As can be seen in the figure, the Majorana Demonstrator will be able to confirm or refute this claim with a ∼30 kg-y exposure. The lower shaded region corresponds to the range of m ββ for the inverted hierarchy with m 3 = 0. The dark shading accounts for the variation of the unknown CP phases; the lighter shading includes the additional uncertainties in the neutrino oscillation parameters [36] . Our calculation reveals that with backgrounds below 1 count/ROI/t/y, a 0νββ decay search with 76 Ge will be able to cover the entire inverted hierarchy with less than a 10 tonne-year exposure. The Majorana Collaboration was required to develop its own germanium purification facilities and processes for reducing the GeO 2 to metal and zone refining it to a resistance of 47 Ω/cm. No experienced commercial company would reduce the enriched GeO 2 nor zone-refine it. A building was rented next to Electrochemical Systems Inc., (ESI) in Oak Ridge, Tennessee, and consultants formally in the Ge industry were hired. All the required equipment was purchased and installed. This portion of the Majorana Demonstrator Project is supported by the National Science Foundation.
The first step in the process is to heat the GeO 2 to about 650
• C in a hydrogen atmosphere in a graphite boat,
A gamma-ray spectrum taken with a point-contact detector using a 232 Th calibration source (Black fitted line). The lines at 1581, 1588, 1621, 1625, 1631, and 1638 keV are full-energy peaks corresponding to gamma rays of those energies, and are dominantly multi-site. The peak at 1592-keV is the double-escape peak from the 2615-keV line in the daughter 208 Tl and serves as a proxy for the 0νββ-decay signal. The red spectrum shows the events remaining after the application of PSA cuts to remove multi-site events. A fit to the remnant peaks and background is also shown (red line). which is in a quartz tube in a large furnace for about 9 hours. At this point the boat contains the Ge metal in a fine powder. Then the temperature is raised to 1030
• C for approximately 15 minutes to melt the powder to make a bar. When the Ge is completely melted the temperature is lowered, the atmosphere is changed to nitrogen, and the Ge cooled. After three R&D runs, the remainder of the 29 kg of GeO 2 was reduced yielding 18.55 kg of metal with a resistivity of 47 Ω/cm or better. The reduction of this quantity was accomplished with an efficiency of 98.9%.
This material was then zone refined in a graphite boat moving through a triple coil RF heater creating melted zones approximately a few cm in length. Each pass lasted about 11 hours. After two passes, the zone-refined bars were cooled and the resistivity measured. Portions of the bars that measured less than 47 Ω/cm were cut off and zone refined again. The final product is 17 kg of detector grade Ge. A test detector will be fabricated as the final verification of the purification and material quality before the germanium enriched to >86% in 76 Ge will be subjected to these processes.
The first 29 kg of GeO 2 , containing 20 kg of Ge metal enriched to >86% in 76 Ge in Russia, arrived in Oak Ridge, Tennessee on September 6 of this year. It will be stored in a shallow underground facility with an overburden of approximately 100 meters of water equivalent, to shield it from hard cosmic-ray generated neutrons that can produce spallation reactions in the Ge. These can generate backgrounds from 3 H, 54 Mn, 57 Ni, 57,58,60 Co, 65 Zn, 67 Ga and 68 Ge. These isotopes begin to grow in immediately after the enrichment; however, all but 68 Ge are eliminated by the Czochralski crystal-pulling process. At that time all of the isotopes begin to grow in at a rate depending on the overburden and altitude of their location. The logistics of our processing and detector production is designed to limit the exposure to cosmic rays to less than 100 days sea level equivalent. This exposure will satisfy our allowed background budget.
